The multifunctional vacuole is the largest organelle in plant cells, and many proteins are transported to and stored in this organelle; thus, the vacuole has great physiological and agronomical importance. However, the molecular mechanism and regulation of plant vacuolar traffic remain largely unknown. In this study, we demonstrate that multiple vacuolar trafficking pathways operate in plants. RAB5 and RAB7 are evolutionarily conserved subfamilies of Rab GTPase [1] [2] [3] , whose animal and yeast counterparts regulate vacuolar/endosomal trafficking in a sequential manner [4] [5] [6] [7] . Functional analyses of a putative activating complex for RAB7 indicated that this complex is responsible for maturation from RAB5-to RAB7-positive endosomes in plant cells. Moreover, these machinery components are recruited to a more complex trafficking network. Mutations in RAB5 and RAB7 conferred counteracting effects on the vti11 mutant. Furthermore, impairment of RAB5-and RAB7-dependent pathways differentially affected the transport of distinctive cargos. These results indicate that plants have developed a complex vacuolar transport system distinct from that of nonplant systems by assigning evolutionarily conserved machinery to unique trafficking pathways. These pathways provide a fundamental basis for plant development at the cellular and higher-ordered levels.
Summary
The multifunctional vacuole is the largest organelle in plant cells, and many proteins are transported to and stored in this organelle; thus, the vacuole has great physiological and agronomical importance. However, the molecular mechanism and regulation of plant vacuolar traffic remain largely unknown. In this study, we demonstrate that multiple vacuolar trafficking pathways operate in plants. RAB5 and RAB7 are evolutionarily conserved subfamilies of Rab GTPase [1] [2] [3] , whose animal and yeast counterparts regulate vacuolar/endosomal trafficking in a sequential manner [4] [5] [6] [7] . Functional analyses of a putative activating complex for RAB7 indicated that this complex is responsible for maturation from RAB5-to RAB7-positive endosomes in plant cells. Moreover, these machinery components are recruited to a more complex trafficking network. Mutations in RAB5 and RAB7 conferred counteracting effects on the vti11 mutant. Furthermore, impairment of RAB5-and RAB7-dependent pathways differentially affected the transport of distinctive cargos. These results indicate that plants have developed a complex vacuolar transport system distinct from that of nonplant systems by assigning evolutionarily conserved machinery to unique trafficking pathways. These pathways provide a fundamental basis for plant development at the cellular and higher-ordered levels.
Results and Discussion
The diverse functions of plant vacuoles are fulfilled through tight regulation of trafficking to and from the vacuoles, which involves evolutionarily conserved machinery components including Rab GTPases [8] . Although the basic framework of the Rab GTPase action is well conserved in eukaryotic cells [8] [9] [10] [11] [12] [13] , recent comparative genomic studies suggest that each eukaryotic lineage has acquired a unique repertoire of Rab GTPases during evolution [1, 3, 14] . Plants also harbor a unique set of Rab GTPases partly characterized by diversification of the RAB5 group acting in endosomal/vacuolar trafficking pathways [15, 16] . RAB7 is also proposed to regulate vacuolar traffic in plants [17] . In animal cells, a sequential action of RAB5 and RAB7 mediated by the effector complex HOPS [18] and a guanine nucleotide exchange factor (GEF) for RAB7 consisting of SAND1/Mon1 and CCZ1 [19, 20] is responsible for the maturation from early to late endosomal compartments [7, 21] . Conversely, how the vacuolar trafficking pathway is organized by RAB5-and RAB7-like GTPases in plant cells remains mostly unknown. To elucidate the contribution of RAB5 and RAB7 (aka RABF and RABG in Arabidopsis, respectively) in the targeting and biogenesis of vacuoles, we first characterized the Arabidopsis homologs of SAND1 and CCZ1. The Arabidopsis genome contains one SAND1 homolog (SAND) and two CCZ1 homologs (CCZ1a and CCZ1b). Both CCZ1a and CCZ1b interacted with SAND in yeast cells ( Figure 1A ), which was confirmed by copurification of these proteins from lysates of E. coli ( Figure 1B ) and coimmunoprecipitation from the lysates of transgenic plants expressing GFP-tagged proteins (Figure S1A available online). We attempted to detect nucleotide exchange in a RAB7 member, RABG3f, mediated by the SAND-CCZ1 complex and found that soluble RABG3f was not activated by this complex. For a more efficient interaction between the RAB protein and the SAND-CCZ1 complex, we constructed C-terminally His 6 -tagged RABG3f and immobilized it on liposomes, which was expected to mimic the interaction between RABG3f and the membrane, and was successfully used for detecting the GEF activity toward the yeast Ypt7p [22] . This strategy allowed us to detect concentration-dependent specific GEF activity of SAND-CCZ1 for plant RAB7 ( Figures 1C and S1B ), thus demonstrating that the function of the SAND-CCZ1 complex is conserved between plants and other kingdoms. The loss of function of SAND resulted in a severe growth defect, and the double mutant ccz1a ccz1b exhibited a slightly weaker growth defect than the sand mutants ( Figures 1D and S1C) . However, single ccz1 mutants were indistinguishable from the wild-type plant ( Figure S1D ), indicating redundant functions of CCZ1a and CCZ1b, which are coexpressed throughout the plant (http://bar.utoronto.ca/efp/cgi-bin/ efpWeb.cgi). Fluorescently tagged SAND, CCZ1a, and CCZ1b, all of which rescued the growth defects found for the respective mutants ( Figure S1E ), colocalized to punctate compartments that were stained by the endocytic tracer FM4-64 in root epidermal cells ( Figures 1E and 1F) . Some of the SAND-or CCZ1-positive compartments also colocalized with RAB7/RABG3f in lateral root cap cells, which is consistent with a function as a GEF for RAB7 ( Figure 1G ). Intriguingly, better colocalization with CCZ1a was observed for the RAB5 members ARA7/RABF2b and ARA6/RABF1 in root epidermal cells. This result could reflect recruitment of the SAND-CCZ1 complex by active GTP-bound RAB5 to the endosome as previously reported in an animal system. This notion was supported by the interaction between CCZ1b and 8 Co-first author *Correspondence: tueda@bs.s.u-tokyo.ac.jp (legend on next page) a constitutively active form of ARA7, but not RAB11-like RABA1b, which was shown by an immunoprecipitation analysis after chemical crosslinker treatment ( Figure S1F ). The Golgi marker ST-mRFP localized to distinct compartments from CCZ1a, and the trans-Golgi network (TGN) marker VHAa1-mRFP exhibited distinct but occasionally associated localization with CCZ1a ( Figures S1G and S1H) .
We then evaluated the localization of RAB7/RABG3f and RAB5 members in the relevant mutants. RABG3f was mainly localized to the vacuolar membrane in lateral root cap cells of wild-type plants, and some of it was found in punctate endosomes ( Figure 2A ). In ccz1a ccz1b, RABG3f failed to localize to the vacuolar membrane but was found in the cytosol in addition to punctate compartments that were not stained by FM4-64, although these compartments were frequently associated with FM-stained compartments ( Figure 2A ). We then examined the localization of RAB5 members (RHA1 and ARA6) in root epidermal cells of this mutant. RAB5-positive compartments with dilated ring-shaped structures clustered in the cytoplasm and were stained by FM4-64, indicating that these structures retain endosomal properties. These results indicate that CCZ1 is essential for localization of RAB7 to the vacuolar membrane. Given that RAB5 localizes to small punctate endosomes in wild-type plants ( Figure S2A ), the dilated morphology of the RAB5-positive compartments suggested that transport and/or maturation from RAB5-positive endosomes to the next destination, probably the late endosome or vacuole, was impaired in the ccz1a ccz1b mutant. These lines of evidence strongly support the existence of endosomal trafficking/maturation from RAB5-to RAB7-positive endosomes through sequential action of RAB5 and RAB7, as previously proposed in both animal and plant cells [4, 18, 23, 24] . RAB7/RABG3f was correctly localized to the vacuolar membrane in the lateral root cap cells of the vps9a-2 mutant (a mutation allele of a RAB5 GEF) ( Figure S2B ), which most likely indicates that the residual GEF activity on RAB5 in vps9a-2 is sufficient for RAB7 recruitment to the vacuolar membrane. Alternatively, there could be another activating system for RAB7 that is independent of RAB5. We also noted that endocytic transport of FM4-64 to the vacuolar membrane was not remarkably impaired in root epidermal cells of ccz1a ccz1b ( Figure S2C ), which suggests the existence of a RAB7-independent vacuolar trafficking pathway in Arabidopsis.
We next examined vacuolar transport in embryos. We observed mature seeds with ccz1a ccz1b or vps9a-2 expressing GFP-CT24 [25, 26] and found that GFP-CT24 was missecreted to the extracellular space in both ccz1a ccz1b and vps9a-2 ( Figure 2C) . Immuno-EM further demonstrated that 12S globulin was also missecreted to the extracellular space in these mutants. This common phenotype is consistent with the notion that GFP-CT24 and 12S globulin are transported via the trafficking pathway regulated by the sequential action of RAB5 and RAB7, although we cannot eliminate the possibility that other pathways also contribute to the targeting of these proteins. We also observed large aggregating structures with GFP-CT24 fluorescence in ccz1a ccz1b. EM observation indicated that these structures were large paramural bodies with numerous exosome-like vesicles ( Figure 2D ). We did not observe such structures in vps9a-2 seeds. Neither PSV morphology nor 12S globulin processing was markedly affected in the ccz1 single mutants (Figures S2D and S2E) .
The difference in phenotype suggests that RAB7 and RAB5 have at least partially distinct functions. To confirm this possibility, we generated combinations of multiple mutants corresponding to RAB7/RABG members and compared their phenotypes with that of vps9a-2. Eight RAB7 homologs exist in the Arabidopsis genome, which are further divided into three subgroups (RABG1, G2, and G3a-f) [27] . We collected T-DNA insertion mutants corresponding to six RABG3 members in which expression of the corresponding genes was abolished or substantially reduced ( Figure S3A ), and we generated multiple mutants by crossing. Some of the quadruple, quintuple, and sextuple mutants exhibited semidwarfism in early developmental stages, although these mutants were fertile and eventually grew to a similar size as the wild-type ( Figure S3B ).
We then examined the processing of 12S globulin in these mature mutant seeds to monitor the defect in trafficking to the PSVs, and we found that precursors of 12S globulin accumulated in quintuple rabg3b,c,d,e,f and sextuple rabg3a,b,c, d,e,f mutants but not in the quintuple rabg3a,b,c,d,f mutant ( Figure 3A) . The different phenotypes of the quintuple mutants most likely reflect distinct expression patterns of the RABG3 isoforms ( Figure S3C ). The vps9a-2 mutation conferred a similar effect, which was, however, substantially stronger than the rabg3 quintuple mutations ( Figure 3A) . A similar weaker effect of rabg3 mutations compared to vps9a-2 was also observed in the transport of GFP-CT24 ( Figures 2C and  3B) . Intriguingly, the morphology of the PSV in mature embryos exhibited distinct sensitivity to these mutations. The PSVs in rabg3 mutants, even in mutants such as rabg3a,b,c,d,f in which the transport of 12S globulin was not markedly affected, exhibited severe fragmented (or unfused) morphology, whereas the vps9a-2 mutation did not markedly affect PSV morphology ( Figures 3C and S3D) . A similar effect of rabg3 mutations was also observed for lytic vacuoles in leaf epidermal cells ( Figure 3D ). Thus, mutations in RAB5 and RAB7/RABG3 confer distinct effects on vacuolar transport and vacuolar morphology; the transport of soluble cargo to the PSV is more sensitive to impairment of RAB5, and rab7/ rabg3 mutations primarily affect the vacuolar morphology. These results suggest that RAB5 and RAB7 act in genetically separable membrane trafficking events, in addition to the trafficking pathway involving both RAB5 and RAB7.
Additional genetic evidence supported this notion. We examined the genetic interaction between RAB5 or RAB7/ RABG3 and VTI11 (also called ZIG), which encodes a Figure 2 . Sequential Action of RAB5 and RAB7, which Is Required for the Transport of Soluble Cargos to the PSV (A) RAB7, which was localized to the vacuolar membrane and endosomes in wild-type plants (WT), relocalized to disc-like organelles in the ccz1a ccz1b double mutant. FM4-64 stained the punctate compartments, which were associated but not overlapping with the puncta bearing RABG3f in ccz1a ccz1b. Scale bars represent 5 mm. (B) RAB5 (RHA1 or ARA6)-positive endosomes were dilated to form large ring-shaped structures, which were stained by FM4-64. Scale bars represent 5 mm. (C) GFP-CT24 was missecreted to the extracellular space in the ccz1a ccz1b and the vps9a-2 mutants (upper panels). Immuno EM also demonstrated that 12S globulin is missecreted to the extracellular spaces in these mutants (lower panels). Large aggregating structures with GFP fluorescence were also observed in ccz1a ccz1b mutant embryos (asterisk). Scale bars represent 5 mm (upper panels) and 0.5 mm (lower panels). CW, cell wall; IC, intercellular space. (D) Large paramural bodies with numerous exosome-like vesicles were observed in ccz1a ccz1b mutant embryos by TEM (asterisks). Scale bar represents 2 mm. OB, oil body; PSV, protein storage vacuole. Arrowheads indicate the cell wall. See also Figure S2 . vacuolar/PVC Qb-SNARE. Mutations in conventional RAB5s synergistically exaggerated the dwarfism of zig-1, a loss-of-function mutant of VTI11 [28] ( Figure 4A ), suggesting that RAB5 and VTI11 act in the same trafficking pathway. The ara6-1 zig-1 double mutant was indistinguishable from the zig-1 mutant ( Figure 4A) . Surprisingly, the rabg3b,c,d,e,f quintuple mutation partly suppressed abnormal phenotypes of zig-1 such as zig-zag-shaped inflorescence ( Figures 4B and S4A) . We also found that overexpression of ARA7, but not ARA6, partially but significantly suppressed the zig-1 phenotypes ( Figures S4B and S4C) . Thus, mutations in RAB5 and RAB7 exert opposite effects on zig-1. Together with the distinct effects on the targeting and morphology of the PSVs mentioned above, these results describe a vacuolar trafficking pathway in which RAB5 and RAB7 fulfill different and probably counteracting functions in plants.
Mutations in components of the adaptor protein 3 (AP-3) complex also suppress the zig-1 mutation [13] . We therefore asked whether RAB7/RABG and AP-3 function in the same trafficking pathway. We expressed two vacuolar membrane proteins, GFP-SYP22 and GFP-VAMP713, in mutants defective in the RAB7-(sand) or AP-3-(ap-3d and zip4/ap-3m) dependent trafficking pathway. Vacuolar localization of GFP-SYP22 was not affected by the loss of function of AP-3d or ZIP4/AP-3m in root epidermal cells (Figures 4C and S4D) , suggesting that this protein reaches vacuoles via an AP-3-independent pathway. In yeast, transport of the ortholog of SYP22, Vam3p, to the vacuole is known to require AP-3 [29] . This difference is a good example of the diversification of vacuolar trafficking pathways between plant and yeast cells. The vacuolar localization of XFP-SYP22 was also insensitive to the sand-2 and ccz1 mutations, and fragmentation of the vacuole was evident in these mutants ( Figures 4C and S4E ). This result indicates that RAB7/RABG does not play a critical role in SYP22 transport. In contrast, GFP-VAMP713 was not correctly localized to the vacuolar membrane in ap-3d and zip4, in which it accumulated at the plasma membrane and in punctate compartments in the cytoplasm in addition to bulb-like structures inside vacuoles (Figures 4C and S4D) , indicating an indispensable function of AP-3 in the proper vacuolar targeting of VAMP713. Intriguingly, the sand-2 and ccz1 mutations did not substantially alter the localization of VAMP713 (Figures 4C and S4E ), which suggests that RAB7 could be dispensable for transport of this protein to the vacuole. These results strongly suggest that RAB7 and AP-3 function in different trafficking pathways, although impairments in these pathways resulted in similar effects in zig-1 mutants.
We then investigated the effects of vps9a-2 on the localization of these two proteins. GFP-VAMP713 was not markedly affected by vps9a-2 ( Figure 4C ), indicating that activation of RAB5 is not critical for targeting of VAMP713 to the vacuole. Thus, the trafficking pathway responsible for the vacuolar localization of VAMP713 depends on AP-3, but not on RAB7 or RAB5. Conversely, the majority of GFP-SYP22 was mistargeted to the plasma membrane and punctate compartments in the cytoplasm in vps9a-2 ( Figure 4C ). Thus, transport of GFP-SYP22 to the vacuole requires RAB5 activation, which, however, does not depend on AP-3 and RAB7. The localization of VTI12, a close homolog of VTI11 residing on the TGN, also distinctly required RAB5-and RAB7-dependent pathways. VTI12 was partially relocalized to the vacuolar membrane in the root epidermal cells of ccz1a ccz1b, whereas VTI12 was mistargeted to the plasma membrane in vps9a-2 ( Figure S4F ). These different effects could account for the effects of the mutations in RAB5 and RAB7/RABG3 on zig-1 counteracting each other, because VTI12 relocalized to the vacuolar membrane can replace the function of VTI11 [30] .
Analyses of the SAND-CCZ1 complex indicated that plant cells are also equipped with a vacuolar trafficking pathway in which RAB5 and RAB7 sequentially act ( Figure 4D ), which contributes to the transport of storage proteins to PSVs (see accompanying paper by Singh et al. [31] in this issue of Current Biology). Conversely, evaluation of RAB7-and RAB5-related mutants demonstrated that multiple trafficking pathways that distinctly require RAB5 and RAB7 also operate in plant vacuolar trafficking ( Figure 4D ). The unique property of the trafficking pathway of GFP-SYP22 should be especially emphasized: it requires RAB5 but not RAB7 and AP-3, and such a pathway has never been reported in an animal system. The transport route of GFP-VAMP713 also offers interesting insight; this trafficking pathway requires AP-3, but activation of RAB5 and RAB7 does not seem to be critical. AP-3 is localized to punctate compartments that are not located in the known endocytic pathway [32] . Thus, in addition to the route commonly used by endocytic and vacuolar trafficking pathways, there could be a vacuolar trafficking pathway independent of the endocytic pathway in plants. Alternatively, our result may indicate that the functions of RAB5 and RAB7 are interchangeable and that either of them is sufficient for vacuolar targeting of VAMP713. SYP22 has been proposed to be transported to the vacuole in a RAB7-dependent and RAB5-independent manner in tobacco [33] , whereas our results indicate that SYP22 does not require RAB7 to reach the vacuole in Arabidopsis. The reason for this apparent discrepancy is not clear, but it could reflect distinct trafficking systems employed in different plant species or tissues.
As shown above, plants have developed a unique vacuolar trafficking system by recruiting conserved molecular machinery to trafficking pathways distinct from those in nonplant systems. Our results indicate that each trafficking route is responsible for the transport of particular cargos ( Figure 4D ), (1) a route depending on the sequential action of RAB5 and RAB7, (2) an AP-3-dependent but RAB5-and RAB7-independent pathway, and (3) a RAB5-dependent and AP-3-independent route. See also Figure S4 .
suggesting that the mechanism of cargo sorting should be investigated in parallel with studies on docking and fusion machinery involving Rab GTPases. Further studies to unravel the mechanisms of cargo sorting at donor organelles including the ER, Golgi, and TGN in addition to detailed analyses on docking and fusion mechanisms at the target vacuolar membrane will help to construct a whole image of the vacuolar transport system in plants that was acquired to play fundamental roles in various plant functions.
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